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Abstract
Although collagen scaffolds have been used for regenerative medicine, they have
insufficient mechanical strength. We made a weakly denatured collagen fiber scaffold
from a collagen fiber suspension (physiological pH 7.4) through a process of
freeze-drying and denaturation with heat under low pressure (1 × 10−1 Pa). Heat treatment
formed cross-links between the collagen fibers, providing the scaffold with sufficient
mechanical strength to maintain the space for tissue regeneration in vivo. The scaffold
was embedded under the back skin of a rat, and biocompatibility and space maintenance
ability was examined after 2 weeks. These were evaluated by using the ratio of foreign
body giant cells and thickness of the residual scaffold. A weakly denatured collagen fiber
scaffold with moderate biocompatibility and space maintenance ability was made by
freezing at −10°C, followed by denaturation at 140°C for 6 hr. In addition, the direction of
the collagen fibers in the scaffold was adjusted by cooling the suspension only from the
bottom of the container. This process increased the ratio of cells that infiltrated into the
scaffold. A weakly denatured collagen fiber scaffold thus made can be used for tissue
regeneration or delivery of cells or proteins to a target site.

Keywords: collagen; scaffold; biocompatible materials; regeneration
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1. Introduction
Various materials have been developed as "scaffolds" for regenerative medicine. A typical
scaffold of synthetic polymers may contain poly-glycolic acid (PGA), poly-L-lactic acid
(PLLA), and poly-lactic-co-glycolic acid (PLGA), and scaffolds of natural polymers contain
collagen and gelatin. These scaffolds have been used in clinical practice and yield adequate
results [1-7]. However, PGA, PLLA, and PLGA scaffolds may cause needless adhesion or
toxicity because they may reduce the pH of the surrounding tissue [8-10]. We found that a
collagen fiber scaffold manufactured at physiological pH was biocompatible and yielded no
adhesion. However, it dissolved before tissue regeneration was complete. Various modifications
may therefore be needed [11-14]. Glutaraldehyde (GA) and
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) are well known
chemical cross-linkers. Although defects may make chemical cross-linkers cytotoxic [15], EDC
has relatively low cytotoxicity and is useful as a cross-linker [12, 14, 16]. UV is used for
physical cross-linking; it does not involve toxic chemicals [15], but cannot provide sufficient
stiffness in a collagen scaffold [16]. We examined thermal processing as a simple physical
cross-linking method. We made a collagen fiber scaffold by freeze-drying a collagen fiber
suspension with a physiological pH of 7.4. This was followed by heating under negative
pressure. Heating formed cross-links between the collagen fibers, providing sufficient strength
to maintain a space for tissue regeneration against the pressure of surrounding tissue or
collagenase [17]. In this study, mechanical strength is defined as the ability to maintain space
for tissue regeneration, rather than mere physical strength; this characteristic is important for
regenerative medicine. The scaffold was embedded under the back skin of a rat to determine if it
had sufficient biocompatibility and space maintenance ability to be used as a scaffold for
regenerative medicine.
Collagen forms a molecular structure under acidic conditions, but forms fibers under
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neutral conditions, and the modes shift reversibly. Furthermore, it can be denatured by exposure
to heat (denatured collagen, which contains 0% super-helix structure, is called gelatin). The
temperature by which half of the collagen molecules have lost their super-helix structure is
called the "denaturation temperature". The denaturation temperature in the dehydrated state is
around 112°C [18]. The collagen fiber scaffold evaluated in this study was freeze-dried and
heated under negative pressure. Thermal processing above the denaturation temperature
introduced various chemical changes including cross-linking [19, 20] and provided mechanical
strength [21, 22]. However, as denaturation and mechanical strength of the scaffold increases,
the host’s foreign-body reaction also increases. As a result, the scaffold is no longer suitable for
use in the body. Therefore, it is important to create a scaffold with moderate mechanical strength
to minimize foreign-body reaction. In addition, collagen fiber becomes a barrier with increased
mechanical strength, and the number of cells invading the scaffold decreases (figure 1a).
Therefore, our scaffold was designed to promote cell infiltration by orienting the collagen fibers
(figure 1b). As an icy crystal is formed perpendicular to a cooling surface, orientation was
achieved by cooling a collagen fiber suspension only from the bottom of the container.
To determine the optimal denaturing conditions to create an ideal scaffold with excellent
space maintenance ability and biocompatibility, various types of denatured collagen fiber
scaffolds with orientation were embedded under the back skin of rats. The optimal observation
period was determined to be 2 weeks because it was important to maintain the scaffold at least
during the acute or subacute phase of trauma for tissue regeneration. The in vivo behavior of
these implants was evaluated by determining their space maintenance and biocompatibility
scores.

2. Materials and Methods
2.1 Manufacturing of denatured collagen fiber scaffold
The collagen used in this study was atelocollagen extracted from young porcine skin by
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enzymatic treatment with pepsin (NMP collagen PS, provided by Nippon Meatpackers, Ibaraki,
Japan) and consisting of type I (70–80%) and type III collagen. From this, the collagen mass
(pH 7) was made according to the protocol provided with the product. Briefly, 30 g NMP
collagen PS was added to 5 L distilled water (0.6% w/v) and the mixture was stirred in the
refrigerator overnight to make a collagen solution. After adjusting the pH to 7 with 1N NaOH,
the solution was centrifuged to collect the deposit, which was freeze-dried to yield a collagen
mass. Next, the mass was crushed with a grater to yield particles of approximately 2 × 2 × 2
mm3 and 6 g were added to 200 mL sterilized Milli-Q water. The mixture was stirred in a
Hybrid Mixer (HM-500, Keyence, Osaka, Japan) for 2 min, then cooled at 4°C for more than 30
min. This process was repeated 5 times to yield a 3% w/v uniform collagen fiber suspension.
The suspension was stored at 4°C for 12 hr to create a uniform suspension. The pH of the
collagen fiber suspension was adjusted to 7.4 with 1N NaOH and stirred in an Ace Homogenizer
(HM-500, Nissei, Tokyo, Japan) at 5000 rpm for 30 min. This allowed the internal structure of
the collagen fiber scaffold to become uniform. The suspension, which became paste-like, was
poured into a container (figure 2) and frozen at −10°C. Since an icy crystal forms perpendicular
to a cooling surface, orientation can be achieved by cooling the collagen fiber suspension only
from the bottom of the container (the fibers will orient perpendicular to the bottom). After 12 hr,
the frozen suspension was freeze-dried for 3 days and was heat-denatured under low pressure (1
× 10-1Pa) to form a denatured collagen fiber scaffold. Manufacturing conditions are shown in
table 1. Since the pore size of the collagen fiber scaffold within about 5 mm from the cooling
surface is too small and the ratio of cell infiltration is small, only that portion of the scaffold >5
mm from the bottom was used. To investigate the internal structure of the scaffold, scanning
electron microscopy was performed prior to placement in the experimental animals. After being
cut into 1 cm × 1 cm × 5 mm sections (figure 3a), the collagen fiber scaffold was sterilized with
ethylene oxide gas prior to implantation.
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2.2 Animal and surgical procedures
Male Wistar rats (500 g, Shimizu Laboratory Supply, Kyoto, Japan) were used for this study.
Under anesthesia induced by intraperitoneal injection of sodium pentobarbital (3 mg/100 g body
weight), each rat was placed in a prone position. Next, 6 incisions, measuring about 15 mm in
length, were made on the back skin of each rat, and pockets to embed collagen fiber scaffolds
were made using Pean forceps. Then the collagen fiber scaffolds were inserted into the pockets.
Three pockets on 3 individual rats were used for each scaffold. That is, three scaffolds were
used for each manufacturing condition. After embedding the scaffolds, the skin was closed with
3-0 nylon suture (figure 3b). Tissue evaluation was performed 2 weeks after the procedure.
In order to evaluate the effect of collagen fiber orientation in the scaffold, 3 samples with
orientation, and 3 samples without orientation were used. In the preliminary study, we found
that scaffolds processed at 140°C-24 hr had poor biocompatibility; therefore, we used these
conditions in order to evaluate only the effect of collagen fiber orientation. Tissue evaluation
was performed 1 week after the operation, since it is ideal for cellular infiltration of the scaffold
to occur in the early stage of implantation.
All surgical experiments were performed according to the Principle of Laboratory
Animal Care advocated by the Animal Research Committee of Kyoto University (2007).

2.3 Evaluation
Histology. Two weeks after scaffold implantation, the rats were sacrificed by an overdose
injection (intraperitoneal) of sodium pentobarbital. The back skin of each rat was stripped and
fixed with 4% paraformaldehyde for more than 72 hr at room temperature. All samples were
extracted with skin, then dehydrated through ascending alcohol concentrations, embedded in
paraffin, serially sectioned (4 μm) in the perpendicular plane, dewaxed, and stained with
hematoxylin-eosin (H-E). Thereafter, the sections were examined by light microscopy
(BIOREVO BZ-9000, Keyence, Osaka, Japan).
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Space maintenance ability. Although the scaffold should ideally disappear from the body after a
certain period, it must remain in vivo at least until tissue regeneration is complete. In this study,
we observed a tendency for the thickness of the specimen on the prepared slide to increase as
denaturation advanced; thus, the space maintenance ability was scored by using thickness as an
index.
(Thickness score: TS)
(1) The average thickness of 3 samples = 0 mm. → TS = 1
(2) The average thickness of 3 samples > 0 mm. → TS = 2 + (Average thickness/1000)
(Since no space is identified when TS is below 2, a TS-2 is considered the lowest level required
for the scaffold.)
Tissue shrinks during the process of preparing a slide. In other words, the thickness of
the specimen on the prepared slide becomes thinner than 5 mm even if the prepared slide
containing a 5-mm scaffold is made just after being embedded under the skin. Therefore, the
thickness of the collagen fiber scaffold 2 weeks after the operation is actually thicker than that
on the prepared slide. In this study, space maintenance ability was evaluated based on the
thickness of the specimen on a prepared slide.
Biocompatibility. Once the living body recognizes a foreign body, macrophages are dispatched
to eliminate the object. However, the macrophages fuse and become a foreign body giant cell in
response to a large foreign body. In other words, the presence of a foreign body giant cell
indicates the body has recognized a large foreign body. In this study, the scaffold in which many
foreign body giant cells were identified caused a strong inflammatory reaction and could never
be used to construct tissue, even if it remained in place 2 weeks after surgery. Therefore, "the
degree of foreign body" of the scaffold is evaluated by the following score.
(Biocompatibility score: BS)
(1) BS-1: Foreign body giant cells are identified around the embedded collagen fiber scaffold.
(2) BS-2; Foreign body giant cells are identified around only a portion of the embedded
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collagen fiber scaffold.
(3) BS-3: Few foreign body giant cells are identified around the embedded collagen fiber
scaffold. (Since a foreign-body reaction appeared below BS-3, this is considered the
lowest level of biocompatibility.)
(4) BS-4: No foreign body giant cells are identified around the embedded collagen fiber
scaffold.

3. Results
Macroscopic and electron microscopic images of the collagen fiber scaffolds were collected.
There was no orientation of collagen fibers unless the suspension was cooled from one direction
(figure 1c, e). Cooling from the bottom of the container yielded collagen fibers arranged
perpendicular to the cooling surface, and the pore sizes of this scaffold measured 100 to 300 μm
(figure 1d, f). The infiltration of cells perfusing the scaffold slowed when the collagen fiber was
not oriented properly (figure 1g). This result was the same for all samples processed at
140°C-24 hr without collagen fiber orientation. On the other hand, infiltration improved when
the collagen fiber in the scaffold was oriented in a single direction (figure 1h). This result was
the same for all samples processed at 140°C-24 hr with collagen fiber orientation.
We evaluated the relationship between manufacturing conditions and the properties of
the created collagen fiber scaffold (table 2). Denaturation of the collagen at 140°C for 6 hr
produced a collagen fiber scaffold with TS greater than 2 and BS-3 at 2 weeks after
implantation. However, denaturation at 140°C for more than 12 hr yielded no biocompatibility
(BS-1). "Impossible to evaluate" indicates that it was impossible to evaluate the collagen fiber
scaffold because it had disappeared 2 weeks after it was embedded. This indicated insufficient
denaturation. The comment noted in the table as "Impossible to evaluate" was therefore
considered to indicate BS-3. However, as for 140°C-0 hr, it was evaluated as BS-4.
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4. Discussion
A collagen microfibril contains 5 collagen molecules [23-26]; collagen fibrils are formed by
aggregation of these microfibrils. Collagen fiber is an assembly of these fibrils. The main
epitope of a collagen fiber is in the non-spiral structural telopeptides at both ends of the collagen
molecule, and the remainder of the molecule differs little between animal classes.
The collagen used in this experiment is atelocollagen, which is produced by elimination of the
antigenic telopeptides by pepsin. The biocompatibility of atelocollagen without denaturation is
very high because BS is 4 at 1 week after embedding. However, there is poor infiltration of cells
because spaces for tissue regeneration are not maintained (figure 4a). Moreover, it was nearly
dissolved 2 weeks after embedding. On the other hand, although the mechanical strength
increased and sufficient space was maintained even 2 weeks after the operation, antigenicity of
the collagen fiber scaffold increased and tissue construction could not be identified when
thermal processing was performed at 140°C for 24 hr. Therefore, the collagen fiber scaffold was
recognized as a foreign body with low biocompatibility (figure 4b). This resulted in a foreign
body giant cell with multiple nuclei surrounding the scaffold (figure 4c). Thus, mechanical
strength was inversely proportional to biocompatibility. It is thought that optimal "weak
denaturation" occurs at a processing temperature of 140°C between 0 and 24 hr; we concluded
the optimal time was 6 hr (figure 5a). Figure 5a is drawn based on the results of 3 samples at
140°C-0, 6, 9, 12, and 24 hr (shown in table 2). Figure 5a illustrates that although
biocompatibility is good, the space maintenance ability is inferior when processing time is
shorter than 6 hr. On the other hand, the space maintenance ability is superior, but
biocompatibility declines when the processing time is longer than 6 hr. Since collagen
denaturation progresses over time [27], the BS curve shown in figure 5a declined even if the BS
score was the same. The graph accurately reflected the properties of the collagen fiber scaffold
indicated in table 2.
Cells infiltrate the collagen fiber scaffold along collagen fibers; thus, the infiltration rate
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improved when the scaffold with collagen fiber orientation was used. This is likely because
continuous holes are made in the scaffold. This improvement is also likely to ease
neovascularity. It is important to ensure blood flow around the region of tissue regeneration to
maintain the infiltrated cells. Moreover, when a collagen fiber scaffold containing disseminated
cells is implanted, neovascularity in the early phase is also required to maintain the viability of
the disseminated cells. Therefore, orientation of the collagen fibers in a scaffold should improve
tissue regeneration. Particularly in the case of hard biomaterials used for bone regeneration,
continuous holes greatly improve cell infiltration [28, 29]. Bone tissue engineering reports have
suggested the utility of a complex of collagen and glycosaminoglycan (GAG). Tierney et al.
reported that a scaffold with suitable mechanical and biological properties was produced by
treatment at 150°C-48 hr [30] and Haugh et al. reported scaffolds treated at 150°C-120 hr or
180°C-24 hr [31]. The results of both thermal processing methods are far stronger than our
results. However, we also found that strong thermal processing at 140°C-24 hr is suitable for
producing a collagen scaffold with the desired mechanical properties. Drexler et al. used the
dehydrothermal crosslinking method and reported that thermal processing at 140°C-24 hr
improved mechanical properties and biostability [17]. However, these reports utilized collagen
molecules under acidic conditions. Since the properties of collagen molecules are different from
those of the collagen fibers used in this study, it is difficult to compare the thermal processing
conditions mentioned by Drexler et al. with the thermal processing condition used in this study
(140°C-6 hr).
Pore size can be controlled by freezing temperature; pore size becomes smaller as the
freezing temperature decreases. Though we made a weakly denatured collagen fiber scaffold by
freezing at -80ºC [32, 33], the pore sizes were small and few cells infiltrated the scaffold. Since
the pore sizes of the present scaffold measured from 100 to 300 μm, freezing at -10°C is
considered suitable for cell infiltration.
Although the results of this study demonstrated that the most suitable denaturation
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condition is 140°C-6 hr, it is possible to apply 140°C-5 hr for tissue regeneration, as shown in
figure 5a. Under these conditions, biocompatibility is slightly improved, while space
maintenance ability decreases.
When the scaffolds manufactured under 140°C-6 hr and 140°C-9 hr conditions were
evaluated at 2 and 3 weeks after the operation, the longer-treated scaffold had a greater
thickness, while the more briefly heated scaffold demonstrated better biocompatibility, a
difference that increased by 3 weeks. Inflammatory cell infiltration was identified in scaffolds
processed at 140°C-9 hr as soon as 3 weeks after operation (figure 5b). This is consistent with
the trend demonstrated in figure 5a.
The results of denaturation at 100°C and 120°C are shown in figure 6. The TS at
100°C-6 hr and 24 hr are 1 and the BS at 100°C-6 hr and 24 hr are 3. Since 100°C is below the
denaturation temperature, the line indicating BS is considered almost parallel to the horizontal
axis. Denaturation at 120°C for 18 to less than 24 hr (time x) also yielded a scaffold with space
maintenance ability and biocompatibility. Therefore, other manufacturing conditions may
produce an adequate scaffold. In a previous study, we noted that although the scaffold processed
at 120°C-24 hr was always present even 2 weeks after the operation, the scaffold processed at
120°C-23 hr was not present in about 50% of cases (n = 6). We believe the scaffold should
remain in place for at least 2 weeks in order to effectively function as a scaffold, so a TS at
120°C-23 hr is considered to be "1". Therefore, the time, x, should be between 23 hr and 24 hr.
A similar experiment is underway using a 6% weakly denatured collagen fiber scaffold.
Though the BS was 3, like that of the 3% weakly denatured collagen fiber scaffold 2 weeks after
embedding, cells infiltration was poor. This was because the high viscosity of the 6% collagen
fiber suspension made it difficult to orient the collagen fibers. In addition, partition of the
denatured collagen fiber is thick. A 6% collagen scaffold with orientation can be made
occasionally. In such cases, cells infiltrate even to the center of the scaffold along the collagen
fiber 2 weeks after the operation. However, few cells infiltration can be identified in scaffolds
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without orientation. Therefore, orientation becomes more important when the viscosity is high.
Future experiments will investigate the optimal scaffold strength for specific organs,
while reducing the density of the collagen fiber suspension to 6% or less. The shape of our
scaffold remains smooth if it is pressed on a plate under conditions at which water is being fully
absorbed. Although almost all collagen scaffold materials are made from collagen molecules
under acidic conditions, this property is not apparent in acidic collagen scaffolds, including the
ones examined in our previous study. The recovery of the scaffold’s smooth surface may
contribute to space maintenance for tissue regeneration in vivo. Moreover, our scaffold is easily
infiltrated with cells if it is pressed several times in cell suspension. This property is useful in
the field of cell transplantation [34]. Recently, research efforts to develop a tissue with a
three-dimensional structure in vitro have been rapidly advancing, and the collagen scaffold
developed in this study will be a useful material in various fields.

5. Conclusions
We concluded that collagen denaturation at 140°C for 6 hr produced a scaffold for tissue
regeneration with superior space maintenance ability and biocompatibility. Moreover, we
suggest that orientation of the collagen fiber in the scaffold facilitates cell infiltration. The
concentration of collagen fiber suspension was 3% w/v in this study, but it is possible to control
the mechanical strength or the period the scaffold remains in vivo by changing the concentration.
However, further studies will be necessary to elucidate these conditions. By repeating this
process, we think the most suitable scaffold can be produced for any given purpose.
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Tables
Table 1 Manufacturing conditions for the denatured collagen fiber scaffold
pH

P-temp (°C) a

P-time (hr) b

7.4

50

6

7.4

100

6

7.4

100

24

7.4

110

6

7.4

120

6

7.4

120

12

7.4

120

18

7.4

120

24

7.4

130

6

7.4

140

0 (no denaturation)

7.4

140

6

7.4

140

9

7.4

140

12

7.4

140

24

7.4

170

5

7.4

170

6

a

P-temp, Processing temperature

b

P-time, Processing time
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Table 2 Relationship between manufacturing conditions and the properties of the denatured
collagen fiber scaffold
pH P-temp (°C)a P-time (hr)b

Thickness (μm)

Av (μm)c

TSd

BSe

7.4

50

6

0, 0, 0

0

1

IE (3)f

7.4

100

6

0, 0, 0

0

1

IE (3)

7.4

100

24

0, 0, 0

0

1

IE (3)

7.4

110

6

0, 0, 0

0

1

IE (3)

7.4

120

6

0, 0, 0

0

1

IE (3)

7.4

120

12

0, 0, 0

0

1

IE (3)

7.4

120
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P-temp, Processing temperature

b

P-time, Processing time

c

Av, Average thickness of 3 samples

d

TS, Thickness score

e

BS, Biocompatibility score

f

IE, Impossible to evaluate
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Figures and figure Legends

Figure 1 Difference between scaffolds with and without collagen fiber orientation
(a) Schematic illustration of the collagen fiber without orientation
(b) Schematic illustration of the collagen fiber with orientation (Cases a and b demonstrated
cell infiltration into the scaffold, parallel to the collagen fiber)
(c) Macroscopic image of a vertical section of the collagen fiber scaffold without orientation

22

(d) Macroscopic image of a vertical section of the collagen fiber scaffold with orientation (The
contrast between figures (c) and (d) is coordinated to show the direction of collagen fiber in
the scaffold).
(e) Electron-microscopic image of the collagen fiber scaffold without orientation
(f) Electron-microscopic image of the collagen fiber scaffold with orientation
(g) Scaffold without orientation of the collagen fiber (H-E image, 1 week after the operation)
(h) Scaffold with orientation of the collagen fiber

(H-E image, 1 week after the operation)

Scale bars represent 1000 μm in e, f, g, h.

Figure 2 Containers that provide collagen fiber orientation
(a) 1. The outer frame is made of styrene foam; 2. Aluminum board; 3. Lid made of styrene
foam; 4. Parafilm; 5. The inner frame is a measuring cup made of paper.
(b) An aluminum board is attached to the bottom of the outer frame with vinyl tape, and the
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inner frame is installed.
(c) The volume of the collagen fiber suspension expands as it freezes and may touch a lid
made of styrene foam. Parafilm is used to prevent mixing of the styrene foam with the
collagen.
(d) The suspension is covered with a lid made of styrene foam and fixed with vinyl tape.
Cooling is applied from the lower side of the container, thus providing orientation to the
collagen fiber scaffold.

Figure 3 Collagen fiber scaffold and appearance just after it is embedded under the skin
(a) Collagen fiber scaffold 1 cm × 1 cm × 5 mm
(b) Appearance just after embedding the collagen fiber scaffold under the back skin of a rat

Figure 4 Collagen fiber scaffold with and without thermal denaturation at 140°C for 24 hr
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(a) Collagen fiber scaffold without thermal denaturation after 1 week
(b) Collagen fiber scaffold with thermal denaturation (140°C-24 hr) after 2 weeks
(c) The foreign body giant cell identified around the scaffold (Fig. 4b)
Scale bars represent 1000 μm in a, b and 50 μm in c. (H-E image)
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Figure 5 Relationship between thermal denaturation processing time and the space
maintenance ability and biocompatibility of a collagen fiber scaffold
(a) The red dashed line represents biocompatibility, and the blue line represents space
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maintenance ability. Line A represents the lowest level of biocompatibility (BS-3) and line
B represents the lowest level of space maintenance ability (TS-2) required for the scaffold.
(b) Thermal denaturation conditions are indicated on the left of each Figure and scaffold
thickness is indicated on the right. The yellow vertical line in each figure indicates the
thickness of each scaffold. The part yellow circle indicates sites of inflammatory cell
infiltration. Scale bars represent 100 μm. (H-E image)

Figure 6 Relationship between thermal denaturation times and the space maintenance
ability and biocompatibility of the collagen fiber scaffold
The red dashed line represents biocompatibility, and the blue line represents space maintenance
ability. Line A represents the lowest level of biocompatibility (BS-3) and line B represents the
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lowest level of space maintenance ability (TS-2) required for the scaffold. Time x indicates
processing time when the denaturation temperature was 120°C, suggesting the scaffold is
similar to that made at 140°C-6 hr.

